It is a very important problem to study the effects of three-dimensional (3-D) topographical and geological irregularities on seismic motions. We first formulate this problem by introducing the Aki-Larner method (ALM) and check the validity and accuracy of our formulation by comparing with the results by the boundary integral equation method (BIEM). Secondly, we calculate the seismic responses of threedimensionally sediment-filled valleys due to vertically incident plane SH-waves and compare them with those by 1-D and 2-D analyses. The 3-D responses both in the frequency and time domains show larger amplitudes and higher predominant frequencies than the 1-D and 2-D ones. We can find these amplification characteristics caused by 3-D irregularities even in thin valleys.
Introduction
It is important to evaluate long-period ground motions for design of large-scale structures with long resonance periods, e.g., high-rise buildings, long-spanned bridges, and large tanks. So earthquake engineers have become more and more interested in surface motions with a predominant period longer than 1 s. Many observations showed that these long-period ground motions were affected by thick sedimentary layers which sometimes have irregular interfaces. Therefore, it is important to study effects of interface irregularities on seismic responses.
In the last two decades, many different methods for studying these problems have been developed. Most of these methods treat two-dimensional (2-D) problems, but we can find only a few cases in which the extension to three-dimensional (3-D) problems has been carried out, e.g., the ray theory by Lee and Langston (1983) ; the boundary integral equation method (BTEM) by Sanchez-Sesma et al. (1984) ; the eigenfunction expansion method by Lee (1984) ; the finite element method (FEM) by Suzuki and Hakuno (1984) ; the boundary element method by Tong and Kuribayashi (1988) . Most of the above works treat axisymmetric problems except the work with FEM.
As shown by Bouchon (1980, 1985) , the Aki-Larner method (ALM)
proposed by Aki and Lamer (1970 where sv is a vertical wavenumber for S-wave given by (6) and kx and ky are horizontal wavenumbers in X-and Y-direction, respectively. By using the solutions of Eq. (5) the displacement can be expressed as (7) However, Eq. (7) vanishes in the case of a vertically incident S-wave, i.e., kx=ky=0. In other words, the solutions of Eq. (5) cannot exactly treat vertically incident S-waves. Horike et al. (1990) avoided the above problem by giving very small non-zero values to kx and ky, but this may lead to another numerical problem.
We here introduce a new representation for the vector potential (8) which has the same harmonic potentials as Eq. (5). In our case the displacement is expressed as (9) and so we are free from the problem because Eq. (9) does not vanish when kx=ky=0. The P-wave potential 0 also has a harmonic solution similar to Eq. (5). In the i-th layer (except the m-th layer) (10) where Pvi is a vertical wavenumber for P-waves given by
On the other hand, we neglect the upward scattered waves in the lowest layer (the m-th layer) so that (12) where (13) In Eqs. (10) and (12), Ai(kx,ky), Bi(kx,ky), and Am(kx, ky) are unknown amplitudes of the P-wave field. The second term of Eq. (12) indicated by an underline represents the wave field which is produced by an incident plane P-wave having the horizontal wavenumbers (k0x, k0y). Assuming the periodicity of irregularities with lengths of Lx in X-direction and Ly in Y-direction, as shown in Fig. 1 (c), we discretize continuous horizontal wavenumbers and truncate the discrete wavenumbers by (2Nx + 1) in X-direction and by (2Ny,+ 1) in Y-direction: (14) We also discretize Ai(kx,ky), Pvi etc. as Aqr(i), Pv(i)qr etc., and we can then approximate the infinite integrals in Eqs. (10) and (12) by the finite sums (15) in the i-th layer (except the m-th layer), and and H denotes the maximum depth of the valley, Rx is the half width of the valley along the X-axis, and Ry is that along the Y-axis. We take H=2.5 km, 2Rx =10 km, and 2Ry =20 km (Model-B in Fig. 10 ) or 2Ry =40 km (Model-C). For comparison we also consider an axisymmetric case (Model-A) and a 2-D model (Model-D). Analytical models are shown in Fig. 10 . Material properties are the same as in Table 1 . Figure 11 shows the responses of the four models at the normalized frequencies (a) 1.0, (b) 1.375, and (c) 1.75. In our computation, the imaginary part of complex Fig. 10. Four sediment-filled valleys for the study on the effects of valley shape. circular frequency is set to ƒÎf1/8. In the case of f/f1 = 1.0 ( Fig.  11(a) the seismic motions of a typical 3-D sediment-filled valley, due to a vertically incident plane SV-wave and P-wave and our solutions agree well with the results of BIEM. We next calculated seismic responses of a variety of sediment-filled valleys due to vertically incident plane SH-waves, and compared them with each other. The conclusions of this computation are summarized as follows.
(1) The frequency-domain responses show that the predominant frequency and the maximum amplitude become larger as the number of dimensions increases. Especially, at the center of the valley, the 3-D axisymmetric valley has a 2 times higher predominant frequency and a 1.74 times larger maximum amplitude than the 1-D model.
(2) The time-domain responses show that the largest amplification occurs in 3-D analyses, the second in 2-D ones, and the third in 1-D ones. This feature becomes remarkable when the frequency of the incident wave is higher than the first resonance frequency at the center of the valley.
(3) In the rather thin valleys, such as those considered in this paper, 3-D irregularities induce great amplification at higher frequencies. This means that 1-D or 2-D modeling may lead to smaller responses than 3-D modeling.
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